Background: The mammalian inner ear is transformed from a flat placode into a three-dimensional (3D) structure with six sensory epithelia that allow for the perception of sound and both linear and angular acceleration. While hearing and balance problems are typically considered to be adult onset diseases, they may arise as a developmental perturbation to the developing ear. Future prevention of hearing or balance loss requires an understanding of how closely genetic mutations in model organisms reflect the human case, necessitating an objective multidimensional comparison of mouse ears with human ears that have comparable mutations in the same gene. Results: Here, we present improved 3D analyses of normal murine ears during embryonic development using optical sections obtained through Thin-Sheet Laser Imaging Microscopy. We chronicle the transformation of an undifferentiated otic vesicle between mouse embryonic day 11.5 to a fully differentiated inner ear at postnatal day 15. Conclusions: Our analysis of ear development provides new insights into ear development, enables unique perspectives into the complex development of the ear, and allows for the first full quantification of volumetric and linear aspects of ear growth. Our data provide the framework for future analysis of mutant phenotypes that are currently under-appreciated using only two dimensional renderings. Developmental Dynamics 241:465-480, 2012. V C 2012 Wiley Periodicals, Inc.
INTRODUCTION
The mammalian inner ear begins as a contiguous set of pan-placodal cells that surround the brain region. This region, while not displaying any apparent specialized morphology or cytology, is characterized by the expression of a unique set of transcription factors, most importantly Eya1/Six1 (Zou et al., 2008; Schlosser, 2010) . Later in development, other genes such as Foxg1, Foxi1, Lmx1a, Pax2, and Pax8 define the boundaries of the much smaller otic placode adjacent to the hindbrain (Ohyama and Groves, 2004; Pauley et al., 2006; Nichols et al., 2008; Bouchard et al., 2010) . Subsequent development requires networks of molecular signaling to couple proliferation with otic placode thickening and growth, directed morphogenesis, and invagination to form the otic cup (Fritzsch et al., 1998; Torres and Giraldez, 1998) . This early morphogenesis is accompanied by neurosensory cell fate specification and development to form a threedimensional (3D), functional sensory organ (the labyrinth) capable of both auditory and vestibular perception (Fekete and Wu, 2002) . While there exist multiple independent descriptions of these processes in mice (Morsli et al., 1998; Brigande et al., 2000) , past techniques either lacked the ability to describe simultaneously the 3D development of the ear and neurosensory differentiation of the distinct epithelia in the same ears in detail or were too labor intensive to be conducted in more than a few samples (Streeter, 1906 (Streeter, , 1917 .
In the postgenomic era, the ability to molecularly manipulate genes of interest in mice has led to a better appreciation of the genes that are both necessary and sufficient for selective aspects of ear development. As our understanding of the complex interplay between genes in model organisms grows, new technologies are needed to analyze the aberrant phenotypes of genetic mutants that cannot be fully understood when restricted to two-dimensional analysis (Morsli et al., 1998; Hama et al., 2011) . Alternatively, cumbersome 3D reconstructions (Streeter, 1906 ) must be used that require significant corrections for mechanical sectioning and mounting artifacts (Berlanga et al., 2011) . Analysis of mutant ear defects is hindered by the ear's developmental process that turns it into a 3D labyrinth, limiting the detailed translation of the mouse mutation defects to the human ear. A better understanding of ear development is paramount as physicians and scientists converge in their attempts to translate targeted mouse mutations into human phenotypes caused by genetic engineering in mice and genetic defects in humans, respectively.
To attain a novel perspective in closely spaced series of normal and mutant embryos, new techniques must overcome hurdles of past restrictions and provide full quantification of all growth differences. For nearly 20 years, paint-filled ears have provided a 3D representation to ear morphology analysis in many developmental studies (Martin and Swanson, 1993; Morsli et al., 1998; Kiernan et al., 2006) . While this technique represents an improvement in the speed of collecting good images of the endolymphatic space to compare wild-type and mutant ears, the success of the paintfilling technique is directly related to the ability of the viscous fluid to properly diffuse throughout the ear. Another limitation of paint-filling is the difficulty for the identification of individual endorgans and their innervation, limiting the inner ear perspective to a view of the endolymphatic space that does not lend itself to morphometric measurements. These limitations are important considerations when analyzing ears of various mutants such as the Dicer1 null mutant which has canal constrictions (Soukup et al., 2009) or mutants that appear to have a lack of segregation between sensory epithelia (Fritzsch et al., 2001; Nichols et al., 2008; Kopecky et al., 2011) . To overcome these limitations, histologic sections have been used to complement the development of the ear and the neurosensory units (Yasuda et al., 2007; Cross et al., 2011) . While sections do provide very high resolution images and can be used for 3D reconstructions, this process is time consuming, sections are exposed to mechanical shearing forces, and the 3D analysis is often distorted, choppy, and does not render itself to complete quantification of linear and volumetric growth. These limitations are, in part, due to the need to correct for tissue shrinkage in the embedding process and section distortions in the sectioning process.
These limitations may be overcome by nondestructive imaging at high resolution using scanning thin sheet laser imaging microscopy (sTSLIM) imaging or next generations of micro computed tomography (CT) and high resolution magnetic resonance imaging (MRI). Current microCT and MRI images of small samples are of low resolution sufficient for the larger human ears but make identification of cellular components impossible in small ears (Glueckert et al., 2010) .
However, high resolution imaging of the ear through nondestructive computerized optical sections, as is possible with sTSLIM, provides the ability for 3D reconstructions of perfectly aligned high resolution sections while maintaining the integrity of the ear.
The recent advent and improvements of sTSLIM combine the benefits of traditional histology, nondestructive imaging, and 3D reconstructions as ears can be readily imaged at high resolution, accurately reconstructed, and used for subsequent analysis (Santi et al., 2009 ). Here, we will, for the first time, illustrate how this technique presents the next generation to inner ear developmental analysis allowing complete quantification of morphological and cellular changes in a developing ear, as previously demonstrated in adult mutant ear analysis Pan et al., 2011) . We describe the 3D morphogenesis of the mouse ear combined with neurosensory formation, from early embryonic development through young adulthood in mice. Indeed, many single gene mutations affect simultaneously the morphology of the developing ear as well as, to a variable degree, the histological development, indicating that morphogenesis and histogenesis are intricately interwoven in space and time (Ma et al., 2000; Pauley et al., 2006; Nichols et al., 2008) . Our aim is to provide a standardized procedure for future analysis of mutant murine ears, detailing the aberrant developmental processes and complete quantification of mutations to allow direct comparison to aberrant human ear development resulting from mutations in the same genes. The description we provide here using a mouse embryo series is to be complemented with human embryos preferentially of a genotype for which mouse mutant ears are already available (Streeter, 1906 (Streeter, , 1917 . Such a comparison will allow aligning human ear deficits with the phenotype of mouse ears with human generated genotypes to better understand how human genetic defects relate to ear defects of the same gene in the mouse and thus comparison of similar defects in different gene networks for enhanced translatability of mouse model ear defects.
RESULTS
Major Morphogenesis Occurs Between E11.5 and E15.5
At embryonic day (E) 8.5, the inner ear exists as a thickening of ectoderm adjacent to the hindbrain. This ectodermal thickening, known as the otic placode, has yet to undergo any morphogenesis, despite the onset of tremendous molecular changes. Between E8.5 and E10.5, the otic placode invaginates to form the otic cup and, subsequently, the otic vesicle (or otocyst). During this invagination process, the inner ear's axes are defined and the inner ear begins its morphogenetic process, which by postnatal day 15 (P15), is morphologically complete. We describe in detail the tremendous growth and development between E11.5 and P15.
At E11.5, the otocyst had all axes defined with a wide dorsal pouch and a narrow ventral pouch (Fig. 1 ). The ventral tip had a slight medial curvature (Fig. 2) . Medially, the endolymphatic duct was prominent (Fig. 3) . There appeared to be a slight bulge in the area of the presumptive horizontal canal on the lateral surface ( Fig. 1) and formation of the vertical canal plate on the posterior edge (Fig. 4) . Despite striking increases in overall size over the next 4 days (E11.5-E15.5), the cystic otocyst maintained its endolymphatic fluid volume (Fig. 4) .
The morphogenetic steps between E11.5 and E12.5 (Figs. 1-4) were the most dramatic one day change that we identified. Dorsally, the vertical canal plate fused and was partially resorbed by apoptosis, as previously described (Fekete, 1999) , to form an identifiable common crus and the anterior and posterior semicircular canals (Fig. 1) . The horizontal canal plate became defined. The thin ventral pouch had developed into a prominent half turn cochlear duct extending anteromedioventrally from its base (Figs. 2, 4) . The endolymphatic duct was characterized as both the wide endolymphatic sac and its much thinner stalk (Fig. 3) . The presumptive saccular recess was identified as a small outcropping anteroventral to the midline of the ear (Fig. 2) .
E13.5 (Figs. 1-4) was a time of continued growth and development of the inner ear, still without notable increase in endolymphatic fluid (Fig. 4) . The vertical canal plate was nearly fully resorbed with a wide common crus and new bulging apparent in the area of the presumptive canal cristae (Fig. 1) . The horizontal canal plate expanded laterally while the space between the growing plates continued resorbing. The cochlear duct thinned while expanding to three-fourths of a turn (Fig. 5) . The endolymphatic duct became more mature appearing through widening of its dorsal sac and thinning of its more ventral stalk (Fig. 3) . The saccule and utricle were now prominent fixtures of the inner ear with the saccular recess continuing its expansion anteroventrally (Fig.  2) . The saccule and utricle were not in their adult orientation but were perpendicular to each other with the utricle in the horizontal plane and the saccule in the vertical plane (Fig. 2) . Despite their now distinct features, there was no evidence of an utriculosaccular foramen or ductus reuniens.
By E14.5 (Figs. 1-4), gross inner ear morphogenesis appeared to be nearly complete except for the formation of the ductus reuniens and utriculosaccular foramen and the remaining development of the cochlea, including full cochlear extension and definition of the three scalae (Fig. 1) . Bulging of the canal crista ampullae was apparent (Figs. 1-4) . The utricle and saccule had sparse populations of precursor neurosensory cells and the first signs of the otoconia were present (Takumida et al., 1986) . The saccule acquired a slight ventral curvature (Fig. 2) and the cochlear duct continued to lengthen (Figs. 5, 6 ).
E15.5 (Figs. 1-4 ) marked the first time we could unequivocally define the distinct cochlear duct and saccule from the dorsal vestibular epithelia with the formation of the utriculosaccular foramen, shown by changing from light green endolymphatic space to now color-coded epithelia associated recesses (Fig. 1) . This also marked the first time at which we could track the volume change in distinct recesses of the inner ear (Fig. 4) . While the ductus reuniens was noticeable as a wide connector between the cochlear duct and the saccule, without cellular markers, we could not distinctly identify the cochlear duct from the saccule. Nonetheless, we are able to quantify the length of the cochlear duct beginning at E14.5 due to its distinct region of secondary growth at its base (Fig. 6 ). Between E15.5 and E16.5 (Figs. 1-4) , the utricle, saccule, and cochlear duct became distinct. E17.5 (Figs. 1-4 Despite early growth of the ear in overall size, endolymphatic fluid volume only minimally increased (Fig. 4) , likely due to the changes resulting from a single large otocyst to a structure containing multiple distinct subdivisions. However, these major subdivisions were mostly completed with the formation of the ductus reuniens and utriculosaccular foramen shortly after E15.5, at which time the endolymphatic space expanded dramatically until P15 (Fig. 4) . Despite this enormous increase in volume of the endolymphatic space volume between E15.5 and P15, there were no more obvious morphologic changes beyond growth (Figs. 1-4) . However, this time period marked the maturation of the endolymphatic and perilymphatic spaces .
Morphogenesis and Neurosensory Development of the Cochlea
The undifferentiated cochlear duct began its growth at E11.5 and was mostly differentiated by P15 (Fig. 5) . The cochlear duct extended anteromedioventrally from the midline of the inner ear. In doing so, the cochlear duct narrowed and elongated from a slight protrusion at E11.5 to over two complete turns by full maturation. Both the length of the cochlear duct and the volume continued to increase from E15.5 to P15, but the rate at which the volume grew dramatically decreased after birth (Fig. 6 ). Furthermore, it was apparent that the volume increased faster than the length grew (Fig. 6 ).
These drastic changes externally were mirrored by an equally complex, and often interconnected process, internally. Much like the formation of the inner ear as a whole, the cochlea underwent its most drastic elongation between E11.5 and E15.5 (Fig. 5) . After E15.5, despite the additional volume and length changes just noted Lateral view of morphogenesis of inner ear development. Three-dimensional (3D) reconstructions of embryonic day (E) 11.5, E12.5, E13.5, E14.5, E15.5, E16.5, E17.5, postnatal day (P) 0, P11, and P15 mouse inner ears show the shape changes and growth over embryonic and early postnatal development. Once structures are unequivocally defined, we segmented them a different color, with the color-coded chart shown. The ear begins as a small otocyst at E11.5. From E11.5 to E14.5, the ear grows without an increase in endolymphatic fluid as the canal plates resorb into thin canals. At E15.5, the formation of the utriculosaccular foramen almost separates the saccule from the more dorsal vestibular structures. At E16.5, the ductus reuniens allows the identification of the saccule and cochlear duct. In addition, the utricle can be uniquely identified relative to the canal cristae, marking the first age at which all six sensory epithelia are distinct with this technique. While the majority of the morphogenesis appears complete at this time, including near full coiling of the cochlear duct, the inner ear continues to grow and differentiate histologically until P15. The perilymphatic scalae can be identified as early as E14.5; however, they were unable to be segmented until P0 due to incomplete maturation. Structures are shown to scale to appreciate the growth that occurs during development. Scale bar ¼ 100 mm. Fig. 2 . Anterior view of three-dimensional (3D) development of the ear. The 3D reconstructions of embryonic day (E)11.5, E12.5, E13.5, E14.5, E15.5, E16.5, E17.5, postnatal day (P) 0, P11, and P15 mouse inner ears show the morphogenesis and growth over embryonic and early postnatal development. We have rotated the ears, initially seen in Figure 1 , to enable visualization of ear development from the anterior perspective. While overall change over time is the same as shown in Figure 1 , the anterior perspective enables understanding of the dramatic change in the ventral portion of the inner ear as the cochlea extends medially and coils initially toward the anterior pole, seen most clearly at E12.5 and E13.5. This perspective, furthermore, enables illustrating the development of the canals and anterior canal crista. The endolymphatic duct is also prominent as a structure anterior and medial to the common crus. It is now easy to see the saccule extending anteriomedioventrally from the middle portion of the ear. From E13.5 to E16.5, the saccule develops a slight curvature which ultimately forms around the scala vestibuli by P0. Structures are shown to scale to appreciate the growth that occurs during development. Scale bar ¼ 100 mm.
(Figs. 4, 6), the most evident change was the cellular differentiation of an undifferentiated organ of Corti to a mature hearing organ. At E11.5 and E14.5, the cochlear duct, while defined, had no distinct sensory epithelia except for slight thickening of cells on the neural side. Between E15.5 and P0, the cochlea underwent its most dramatic stages of cellular differentiation as the presumptive organ of Corti was easily identifiable as translucent densities on the neural (thickened) side. While all mature structures were present at P0 (Fig. 1) , Fig. 3 . Medial view of three-dimensional (3D) development of the ear. The 3D reconstructions of embryonic day (E)11.5, E12.5, E13.5, E14.5, E15.5, E16.5, E17.5, postnatal day (P) 0, P11, and P15 mouse inner ears show the morphogenesis and growth over embryonic and early postnatal development. We have rotated the ears to enable visualization of ear development from the medial perspective. While overall change is the same as shown in Figure 1 , the medial perspective enables understanding of the dramatic changes in the endolymphatic duct, cochlea, and utricle. At E12.5, the endolymphatic duct is mostly uniform in width; however, by E13.5 and prominently by E14.5, a wide dorsal endolymphatic sac and narrow ventral endolymphatic duct are evident. Note that the endolymphatic duct narrows substantially at E17.5 such that it could no longer be consistently identified. Furthermore, the cochlear duct initially extends laterally at E11.5, coils anteriorly at E12.5, and then medially by E13.5. Lastly, the utricular development is obvious from the medial view as the utricle (shown in white) is not uniquely identifiable until E16.5. Structures are shown to scale to appreciate the growth that occurs during development. Scale bar ¼ 100 mm. Fig. 4 . Posterior view of three-dimensional (3D) development of the ear. The 3D reconstructions of embryonic day (E)11.5, E12.5, E13.5, E14.5, E15.5, E16.5, E17.5, postnatal day (P) 0, P11, and P15 mouse inner ears show the morphogenesis and growth over embryonic and early postnatal development. We have rotated the ears, to enable visualization of ear development from the posterior perspective. While overall change is the same as shown in Figure 1 , the posterior perspective enables understanding of the dramatic change in the ventral portion of the inner ear as the cochlea extends medially and coils initially toward the anterior pole. This perspective enables the ability to illustrate the development of the canals and posterior canal crista. At E12.5 the vertical canal plate has only begun its resorption process; however, by E13.5 this process is nearly complete. Also note the difficulty in identifying the endolymphatic duct, saccule, and utricle as these structures are anteriorly defined. Structures are shown to scale to appreciate the growth that occurs during development. After segmentation is complete, Amira is able to calculate the volume of each 3D rendering. However, until E15.5, only overall endolymphatic fluid was measureable. While there is obvious overall growth of the ear between E11.5 and E15.5 (Fig. 1) , there is only a slight increase in endolymphatic volume, likely due to the fact that at E11.5 a single, large otocyst exists but in the next few days this large lumen is subdivided into unique recesses, keeping overall lumen space constant despite the overall increase in size. However, upon definition of all unique recesses by E16.5, a considerable and consistent increase in endolymphatic volume is observed. Note that x-axis is not to scale and fluid volume from E11.5, E12.5, E13.5, E14.5, E16.5, and P0 are means of two littermate ears. Scale bar ¼ 100 mm. Figure 5 . The ventral view shows that the tightly coiled cochlear duct emerges as a small protrusion of the ventral tip of the polarized otocyst at embryonic day (E)11.5. The presumptive scala media extends to a half turn at E12.5, three-quarters of a turn by E13.5, one and a half turns by E14.5, one and three-quarters turns by E15.5. At E16.5, the cochlear duct is now distinct from the saccule. By postnatal day (P) 0, all three scalae are observed with little additional maturation after this point. The 3D development is simultaneous with the development of the undifferentiated cochlear duct into the organ of Corti. Between E11.5 and E13.5, the cochlear duct appears to have a thicker boundary of undifferentiated cells on the neural side while having a thinner border of cells on the abneural side (2D sections are below representative 3D image). At E15.5, the middle portion of the thicker side as seen on cross-section begins to develop the organ of Corti as seen by the increasing transparency of the differentiating cells. At P0, the tectorial membrane, three scalae, and organ of Corti can be seen. P11 and P15 images show a mature organ of Corti. The 3D image scale bar ¼ 100 mm. Scale bar for E11.5 2D ¼ 20 mm; remainder of 2D ¼ 100 mm. Fig. 6 . Growth of the cochlear duct. Beginning at embryonic day (E) 16.5 with the formation of the ductus reuniens, volume measurements can be obtained from the 3D renderings of the growing cochlear duct. Starting with the secondary growth extension of the base of the cochlear duct, length measurements can be accurately determined by creating B-Spline curve fits through the center of the cochlear duct from base to apex. Both the volume and length increase until at least postnatal day (P) 15, but they increase most significantly from E14.5 to P0. Additionally, the volume of the cochlear duct grows with delay compared with the length as shown by the volume to length ratio. From E14.5 to P11, there was a gradual increase in cochlear duct width proportional in the base, middle turn, and apex; however, the height of the base increased more than the middle turn and significantly more than the apex. This differential height increase resulted in a decreased cross-sectional area, starting at P0, in the apex. Scale bar ¼ 100 mm.
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the cochlea was still immature, as suggested by the tectorial membrane which was yet to extend to the outer hair cells. Remaining immature hair cells matured (Takumida and Harada, 1984) , and with the thickening and growth of the tectorial membrane to cover the outer hair cells (Rueda et al., 1996) , the organ of Corti was mature at P11 (base; Fig. 5 ) and P15 (apex; Fig. 5 ). In summary, major morphogenetic changes occurred in the cochlea between E11.5 and E15.5 with only minor morphogenesis occurring between E15.5 and P15. However, major steps in neurosensory differentiation transformed the undifferentiated and immature cochlear duct into a duct containing the functional organ of Corti beginning at E15.5.
Morphogenesis and Neurosensory Development of the Saccule, Utricle, Ductus Reuniens, and Utriculosaccular Foramen
The development of the utricle, saccule, and cochlear duct resulted from the formation of nonsensory constrictions between the utricle and saccule and between the saccule and cochlear duct (Fig. 7) . Up until E14.5, despite the obvious recesses of the presumptive saccule and cochlear duct, the sensory epithelia were indistinguishable ( Fig. 7A-H) . At E15.5, there was substantial thinning of the spaces between the utricle and saccule and between the saccule and cochlear duct (Fig. 7I-L) . This was the first stage at which the nonsensory constriction of the utriculosaccular foramen clearly separated the dorsal vestibular structures and the saccular maculae. While the presumptive utricle was clear, the sensory epithelia were still indistinguishable from the horizontal and anterior canal cristae. Despite a similar thinning and nonsensory formation of the presumptive ductus reuniens, there was not yet a clear demarcation between the saccule and the base of the cochlear duct. At E16.5, both the utriculosaccular foramen and ductus reuniens were prominent ( Fig. 7M-P) . Furthermore, the utricular macula was clearly separated from the canal cristae. This was the first stage at which all six sensory epithelia were clearly distinct in our optical sections. By E17.5, the nonsensory constrictions had clearly defined all six epithelia both at the cellular level and in the 3D reconstructions (Fig. 7Q-T) .
Development of Perilymphatic Space Is Similar in Auditory and in Vestibular Systems
For nearly 100 years, the perilymphatic scalae were known to develop on either side surrounding the cochlear duct and future scala media through a process of resorption (Streeter, 1917 ). This process occurred in a base to apex gradient that commenced at E13.5 (Fig. 8A) , decreased cellular density in the presumptive perilymph scalae at E14.5 (Fig. 8B) , defined scalae in the middle turn at E16.5 (Fig. 8C ) and E17.5 (Fig. 8D) , and was completed by P0 ( Fig. 8E ) with final maturation in the apex by P11 (Fig. 8F) . However, much less studied was the similar perilymphatic development of the vestibular spaces. At E13.5, the endolymph-filled canals and canal cristae were well-defined, but surrounding these fluid filled spaces was dense tissue, not perilymphatic fluid (Fig. 8G) . However, by E14.5, the density of the presumptive perilymphatic spaces appeared to be decreasing (Fig. 8H) . Much like the maturational process of the scalae in the cochlea, gradual development occurred simultaneously in the vestibular apparatus and cochlear system such that by P0, the vestibular perilymph was as well-defined around the canals as it was in the scala vestibuli and scala tympani (Fig. 8I-L) . However, unlike the base to apex gradient in the cochlea, there was no apparent gradient in the vestibular system. In summary, the formation of perilymphatic space developed along the same timeline in the cochlea and canal perilymphatic spaces indicating the potential for a yet-to-be defined similarity in molecular guidance, warranting further study into this observation using appropriate mutants with deficits in perilymphatic space formation such as Lmx1a (Nichols et al., 2008) .
Development of Cranial Nerve VIII
The future vestibular and spiral ganglion cells delaminated from the anterolateral portion of the otocyst (Cantos et al., 2000; Yang et al., 2011 ; Fig. 9A-C) . Spiral ganglion neurons were identifiable by E12.5 in the inner ear (Fritzsch, 2003) and showed processes to the cochlear duct and to the central cochlear nucleus (Fig. 9D-F) . By E13.5, more neurites projected peripherally but there was no evidence of radial fibers (Rubel and Fritzsch, 2002; Appler and Goodrich, 2011 ; Fig. 9G-I) ; it was not until the onset of hair cell differentiation in the base of the cochlea at E14.5 that spiral ganglion neurons formed discernable radial fibers (Morris et al., 2006; Fig. 9J-L) . Innervation density at E15.5 was greatest in the mid-base, corresponding to the first regions of hair cell differentiation (Fig. 9M-O) . Identification of spiral ganglion neurons have been described previously Pan et al., 2011) . These neurons gradually matured into their adult structures by P15 (Fig. 9Y-AA ).
SUMMARY
We have chronicled and quantified, in detail, the developmental maturation of the inner ear from an undifferentiated otic vesicle to six distinct endorgans residing in their specific recesses surrounded by periotic space and innervated by distinct sensory neuron aggregations. Our data is consistent with current theories on inner ear morphogenesis but for the first time, we illustrate the ability to quantify the morphometric changes that occur and show simultaneously the morphogenesis of the ear and the cellular differentiation of the neurosensory tissues. During this time, the endolymphatic spaces greatly increased in volume, and by E16.5, all sensory epithelia could be defined and were shown to continue to grow until maturation. While there was distinct morphogenesis and growth occurring between E11.5 and E15.5, there was no significant increase in endolymphatic space. The time period after E15.5 until P15 marked a tremendous degree of neurosensory development and final maturation of the cochlea and the vestibular saccule, utricle, and canal cristae, coupled with substantial growth and endolymphatic fluid increase.
Because of the relative size of the adult ear to an embryonic ear, we decided to image not only E11.5-P15 ears, but also the entire hemisected head, where possible (E11.5, E12.5, E13.5, E15.5, and E16.5). These additional sections provided us with the ability to visualize various aspects of middle ear and hindbrain development. Indeed, these sections can provide additional insights such as middle ear development not described in this analysis. In summary, we introduce a technique that can easily be applied to both qualitatively and quantitatively compare wild-type and mutant mouse models during embryonic development.
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DISCUSSION
Evolution of Ear Development Reconstruction
George Linius Streeter (Streeter, 1906 (Streeter, , 1917 was the first to use a 3D reconstruction technique to visualize the ear development of the endolymphatic and perilymphatic spaces and the inner ear innervation using human material of the Carnegie collection, where he became the second director. These reconstructions were, and still are, used to illustrate the complex morphogenesis of the otic spaces and the associated innervation. The unsurpassed details of these reconstructions entered them into many textbooks and influenced the impression of ear development in many generations of students Fig. 7 . Development of the saccule and utricle are defined by nonsensory constrictions. Two-dimensional (2D) optical sections and 3D renderings show that the saccule and utricle are formed through the development of the nonsensory constrictions of the utriculosaccular foramen and ductus reuniens. These separate the utricle, the saccule, and the cochlea. Furthermore, the utricular macula must also become distinct from the anterior and horizontal canal cristae. A,B: At embryonic day (E) 13.5, the utricle cannot be distinguished from the saccule (A), nor can the saccule be distinguished from the cochlear duct (B). C,D: As such, despite their 3D appearances of distinct recesses, the actual sensory epithelia are far from distinct. E: At E14.5, the space between the utricle and saccule is narrowing, yet the epithelia are still indistinguishable. F: The same is true for the saccule and cochlear duct. G: However, there is apparent thinning between the utricle, saccule, and cochlea seen from the medial perspective. H: The thinning between the saccule and cochlear duct is also seen from the lateral perspective. I: At E15.5, the utricle is distinguishable from the saccule through the formation of the utriculosaccular foramen. However, even at this stage the utricular macula is indistinguishable from the horizontal cristae without the use of molecular markers (I). J: Despite the formation of the utriculosaccular foramen, the ductus reuniens has yet to form. K,L: The change in color of the vestibular apparatus signifies the formation of the utriculosaccular foramen and the separation of the utricle/semicircular canals from the saccule. M,N: At E16.5, the utricle, saccule, and cochlear duct are all distinct (M) with the formation of the utriculosaccular foramen and ductus reuniens (N). Furthermore, the utricular macula can be identified distinct from the canal cristae. O,P: Therefore, E16.5 marks the first time point where all six sensory epithelia in the inner ear can be identified without the aid of molecular markers. Q-T: The E17.5 marks additional separation of the utricle, saccule, and cochlear duct and the maturation of the utriculosaccular foramen and ductus reuniens. CD, cochlear duct; S, Saccule; U, utricle; AC, anterior crista; HC, horizontal crista; ED, endolymphatic duct; DR, ductus reuniens; USF, utriculosaccular foramen. Scale bar ¼ 100 mm. Fig. 8 . Development of perilymphatic space is similar in auditory and in vestibular systems. Two-dimensional (2D) optical sections of the ear show that the ventral portion of the inner ear consists of the endolymph-filled cochlear duct. Eventually, this endolymphatic cochlear duct will be defined as the scala media as both a scala vestibuli and scala tympani form perilymphatic spaces on either side. A: We notice that at E13.5, the cochlear duct is well-defined; however, the future scalae vestibuli and tympani cannot be seen. B: A day later, the perilymphatic spaces begin to form, yet, they remain highly immature for the next few days, consisting of many small spaces bound by fibrous tissue, and have no defined boundary. C: By E16.5, the scalae near the middle of the cochlea can be demarcated, however they are still mostly immature and consist of fibrous material throughout; at the same age, the scalae in the apex of the cochlea appear much less mature, are still quite densely filled, and cannot be demarcated. D,E: At E17.5 (D) and P0 (E), the middle turn scalae are well-defined; however, the slower maturing apical scalae are incompletely formed. Nonetheless, they are well-enough-defined at this point that the entire scalae can be segmented for the first time at P0. F: By P11, the scalae throughout the cochlea are fully mature. Of interest, this maturation of perilymphatic space in the cochlea neatly mirrors the same maturation of perilymphatic space in the vestibular system. For ease of description we restrict our images to the spaces around the anterior and horizontal canal cristae. G: At E13.5, only endolymphatic space can be seen with no obvious signs of the future perilymph. However, similar to the cochlea, by E14.5, less dense spaces can be seen surrounding the canal cristae. H: While this future perilymphatic space cannot yet be defined, it is clearly noticeable. I: At E16.5, the canal cristae are well-defined with the perilymphatic space nearly completely mature, yet some fibrous strands are noticed, identical to the maturational age in the cochlea. J-L: By E17.5 (J) and P0 (K), the perilymphatic space is nearly mature with no noticeable difference between P0 and P11 (L). *indicates perilymphatic space. ST, scala tympani; SV, scala vestibuli; AC, anterior crista; HC, horizontal crista. Scale bars ¼ 100 mm.
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over the 20th century. Unfortunately, his technique never entered the research laboratories in a meaningful way due to its laborious and time consuming reconstructions formed out of sectioned material. More recent efforts to use sectioned material for reconstruction of digitized images fell short of the already achieved detailed description of ear development found in these 100-year-old reconstructions (Yasuda et al., 2007) and thus never were adopted in research.
Only with the advent of paintfilling by Martin and Swanson (Martin and Swanson, 1993 ) was a new technique made available that was used extensively to analyze the inner ear endolymphatic space development in normal and mutant mice (Morsli et al., 1998) and other vertebrates (Bever and Fekete, 2002; Bever et al., 2003) in over 100 papers. The ease of use made the paint-filling technique the method of choice to image endolymphatic space development. Properly supplemented by sections showing gene expression and patterns of innervation, this technique became a cornerstone of modern mouse ear development studies. However, the limitation of this technique is that any inter-individual variations in morphogenesis will not be easily correlated Fig. 9 . Fig. 9 . Development of innervation to the inner ear. Two-dimensional (2D) optical sections and 3D renderings show that the innervation of the ear connects the ear to the central auditory pathways. A,B: While this innervation is present at E11.5 (A), fibers cannot be traced to the ear (B). D-L: However, with the initiation of cochlear maturation, processes can be traced to the elongating cochlear duct (D-F), with greatest maturation between E13.5 (G-I) and E14.5 (J-L); at which point hair cells have begun to differentiate. M-O: At E14.5 and E15.5, spiral ganglion neurons become distinct in Rosenthal's canal. P-R: By E16.5, these neurons are in contact with the immature organ of Corti. S-X: Between E17.5 and P0, the density of innervation appears to increase (S-U) and at P0, spiral ganglion cells can be clearly seen, separating ''nervous tissue'' into Rosenthal's canal, the modiolus, and radial fibers (V-X). Y,Z,AA: By P15, the neuronal circuitry is mature (Y,Z) as shown by full elongation of Rosenthal's canal (AA). Left column is 2D cross-section at stated age. Middle column represents neuronal interaction with the developing ear. Right column shows neuronal maturation. Scale bar ¼ 100 mm.
with the underlying histological changes as morphology and histology cannot be visualized simultaneously. In addition, the paint-filling technique does not render itself to easy digitization, morphing, and 3D rotations for optimized investigations and imaging of the changed morphology, all issues overcome with the sTSLIM technique.
We present here a technique that combines the reconstruction of digitized optical sections, comparable to the Streeter approach (but without the histological drawbacks such as section distortions and alignment issues), with a 3D rendering process to visualize not only the endolymphatic space (as in the paint-filling technique) but to image simultaneously all development of endolymphatic and perilymphatic spaces, innervation, and sensory organ development in high resolution optical sections down to cellular levels. In addition, our technique allows 3D rendering of all parts of the ear individually or in combination, allows morphing of shapes into each other and full 3D rotations to image the renderings from any possible angle of interest. Our approach avoids some of the pitfalls of earlier techniques (section alignment issues, excessive shrinkage) and is the only method that allows complete morphometric quantification of all changes in actual 3D space and thus adds valuable numerical data to the aesthetical pleasing digitized images. We hope that our approach will exert as lasting an influence as Streeter's initial 3D reconstructions had, but that our easier technique will be used as extensively as paint-fillings have been used over the past 20 years in laboratory work.
sTSLIM Provides Additional Perspective Enabling Unique Insight Into Growth and Morphogenesis
This study highlights the ability of sTSLIM to nondestructively image early embryonic hemisected heads or late embryonic/postnatal ears to provide high resolution optical sections that can subsequently be segmented to provide 3D reconstructions of the inner ear. The resulting 3D reconstructions provide analysis of not only the development of the ear as a whole, but can be broken down into the distinct subunits of the ear when they become discretely visible. Therefore, we can visualize the 3D growth and morphogenesis of the individual sensory units and can fully quantify all dimensions, unlike other attempts for 3D rendering before. Additionally, we can view the cross-sections to directly compare the 3D development with the neurosensory and nonsensory differentiation of the ear for added clarity of the degree of development in optical sections that are equivalent to paraffin histology in their resolution (Yasuda et al., 2007) . Future improvements of sTSLIM or other high resolution optical imaging techniques may provide images of comparable resolution to present histologic techniques.
Currently, microCT has been used to image human ears in patients suffering from disease, for example, from CHARGE syndrome (Glueckert et al., 2010) . While microCT has been used for both human, other large mammal ears (Seifert et al., 2011) , and even fossils (Luo et al., 2011) , it does not yet have a high enough resolution for smaller animals and certainly cannot provide the resolution needed for the developing mouse ear. However, if we were able to image, for example, a mouse model of CHARGE syndrome (Hurd et al., 2011) , which has been imaged and characterized in human (Glueckert et al., 2010) , we would be able to provide an accurate calibration between sTSLIM imaging in mouse and in man. Such a comparison would allow for the comparison of morphometric differences in the same mutations across species and thus help validate the appropriateness of the mouse mutations for the human genetic disease.
Segmentation is a time consuming process and is the limiting factor in the current state of 3D reconstructions. Ultimately, autosegmentation may facilitate higher sample size numbers, ease the collection of more closely spaced series of developmental stages for detailed segregation of hard to resolve morphological separations, eliminate human errors, provide more consistent segmentation, and enable the ability to segment many more structures within each section (Sun et al., 2011) .
Morphological Development of the Ear and Neurosensory Differentiation
We show that the inner ear both grows in size and transforms from an elongated sac at E11.5 to a nearly mature appearing ear in only 4 days (Fig. 1) . Sensory epithelia have already begun developing by E14.5 (Fig. 3) and all six presumptive endorgans can be defined by E16.5 (Fig. 5) . In contrast to this fast acquisition of the overall form, neurosensory differentiation is not complete until early postnatal stages (Fig. 3) . This illustrates that morphogenesis and neurosensory development occurs partially overlapping. While this fact has been well established through mergers of independent observations, we introduce the ability to analyze both 3D morphogenesis and neurosensory development concomitantly, a tool of immense advantage when analyzing genetic models that disrupt either morphogenesis or neurosensory development exclusively , or both simultaneously . Importantly, our data are the first to demonstrate that the initial sculpting of the otic vesicle into the near mature form is conducted without massive changes in the total volume. In contrast, only once the near mature form is achieved, the endolymphatic fluid volume begins to increase, possibly due to the increased endolymphatic secretion previously suggested as a driving force (Kim and Wangemann, 2010) . As shown in mouse models of endolymphatic hydrops, cochlear lumen volume is defined through the balance between vestibular endolymphatic fluid secretion and endolymphatic sac absorption (Kim and Wangemann, 2010) , but this interplay appears only to begin upon the formation of the vestibular labyrinth and cochlear duct, shortly after E14.5. Volumetric analysis of mutant ears with endolymphatic hydrops such as Foxi1 (Hulander et al., 2003) or limited growth are now needed to validate these suggestions.
CONCLUSIONS AND OUTLOOK
Previous techniques to analyze the ear required viscous liquids that
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provided a gross estimation of the development of the ear without any information at the cellular level. Other techniques that provided cellular resolution required the tedious sectioning that destroyed the ear and provided only a rough estimation of the ear's 3D projection. sTSLIM enables nondestructive and near cellular resolution imaging of both embryonic and postnatal ears, highlighting the dramatic morphologic changes that occurs between E11.5 and E15.5 followed by the differentiation and maturation of the neurosensory cells, culminating into a functional unit by P15.
The development of the ear is a complex process and to be fully analyzed must be considered in 3D. Furthermore, as scientists knockout genes essential to the formation of the ear, 3D analysis becomes a critical tool to understand the resulting phenotypes of each valuable mouse mutant and compare the mouse phenotype with the human mutations of the same gene to understand similarities in defects and then to define changes within the context of the roughly 80% sequence similarity between human and mouse. Our sTSLIM approach can serve as a calibration tool for high resolution next generation MR imaging using high intensity magnets (10 Tesla) in specialized small animal imaging systems. Such data could provide the basis for a comparison of human mutant ears with known defects in genes for which mouse mutants exist to allow a direct correlation of mouse ear defects with human ears of affected patients. This approach could close the gap between human mutational and mouse genomic analysis at the level of the similarities of the phenotype.
EXPERIMENTAL PROCEDURES
Mice and Genotyping
One male with up to four females of C57/BL6 mice were paired in the evening. The following morning, vaginal plugs were used to determine potential fertilization. Females with plugs were separated from the breeding cage and embryos were considered to be at embryonic day 0.5 (E0.5) the noon of the day the plug was detected. The male was also separated from the breeding cage at this time and nonplugged females were re-introduced that evening to avoid potential fertilization during daytime hours. Embryos from pregnant females were collected at E11.5, E12.5, E13.5, E14.5, E15.5, E16.5, E17.5. Other pups that were born were then collected at P0, P11, and P15. Animal care and usage was in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines for the use of laboratory animals in biological research and approved (ACURF no. 0804066).
Perfusion
Pregnant mothers and/or pups were injected intraperitoneally with 0.025 ml/g of the anesthetic Tribromoethanol (Avertin) and after a surgical level of anesthesia was induced, as assessed by lack of ocular and pedal reflexes, 4% paraformaldehyde (PFA) was pumped continuously with a 30-gauge needle into the left ventricle until blood emptied. After fixation, heads were hemi-dissected and placed in 4% PFA for long-term storage at 4 C.
3D Reconstruction
Ear preparation.
The 3D reconstruction of tissues using sTSLIM is a three step process: preparation of ear tissue, imaging, and segmentation. In the current study, mouse E11.5, E12.5, E13.5, E14.5, and E16.5 hemisected heads and E15.5, E17.5, P0, P11, and P15 ears were used. While the E11.5 ears could have been isolated and imaged independent of the head, sTSLIM could image through the surrounding tissues and hemisected heads were easier to mount for imaging. However, older embryos and early postnatal mice could not be imaged as hemisected heads as the increased thickness of surrounding tissues reduced resolution of ear sections. Ears and hemisected heads were decalcified in 10% EDTA for 3 days with daily solution changes. EDTA chelation is important for removing calcium (an optically opaque substance) from the tissue which would impede the imaging of the ear (Santi, 2011) . While this step is only necessary for older mice when bone structures form, we prepared all the ears identically to reduce variability. After several 2-hr phosphate buffered saline (PBS) washes to wash the EDTA from the tissue, decalcified ears were dehydrated in a graded, ascending ethanol series and stained with a Rhodamine B isothiocyante in 100% ethanol for 24 hr. Two requirements must be met to image the ear, first, the ear must be translucent and, second, the ear tissue to be imaged must be fluorescent. Spalteholz clearing solution (5:3 methyl salicylate: benzyl benzoate) has been used for nearly 100 years (Wilson, 1924; Steinke and Wolff, 2001) to modify the refractive index of tissue to make the tissue transparent (refractive index is 1.56; Santi et al., 2009) . This is necessary so that the laser light-sheet can pass through the tissue and the fluorescent optical section plane can be observed without distortion. To properly use Spalteholz solution, dehydration of the tissue is necessary. Dehydration results in tissue distortion that must ultimately be quantified. However, in the current study, because all tissues were subjected to identical conditions, relative changes are accurate. Nonetheless, future techniques such as microCT or high resolution MRI would allow for imaging fresh, unfixed tissues. Staining with Rhodamine B Isothiocyanate has been successful for increasing the intensity of tissue imaging (Voie et al., 1993) . Co-labeling with antibodies for hair cells, neurons, or other inner ear cell type is also possible (data not shown). Prepared ears were then mounted to a small plastic rod immersed in the specimen chamber filled with clearing solution.
Thin-sheet laser imaging microscopy (TSLIM) and scanning TSLIM (sTSLIM).
After preparation, specimens were imaged with TSLIM at the University of Minnesota. TSLIM has previously been described (Santi et al., 2009; Schacht et al., 2010; Santi, 2011) and used to image adult tissue in both wildtype and genetic mutants Kopecky et al., 2011; Pan et al., 2011) . In short, a 1-mm-diameter 532 nm laser beam passes through a cylindrical lens and Gaussian beam expander creating a thin light sheet having a minimum beam width of 3.2 mm . This light sheet nondestructively serially sections the xy-plane, at 5-mm thickness, of whole inner ears rendering a complete Z-stack containing the full dimensions of the inner ear and/or hemisected head in upward of 300 well-registered images using a Retiga 2000R digital camera. While some specimens (P0 and P15 ears) were imaged with TSLIM, the remainder were imaged with scanning TSLIM (sTSLIM), which is a development of TSLIM that produces a light sheet by rapidly scanning a focused line in the y-dimension using a galvano mirror rather than with a cylindrical lens (Schroter et al., 2012) .This scanning system allows the introduction of a modulated pattern which, when demodulated, produces images with less out-of-focus ''haze,'' thus facilitating segmentation. sTSLIM has a beam waist of 4.2 mm and, like TSLIM, produces a complete Z-stack of 300þ, 5-mm-thick serial sections.
3D reconstruction.
The Z-stack for each inner ear was loaded into Amira ver. 5.3.3 (Visage Imaging, San Diego, CA) for 3D reconstruction of inner ear structures.
To isolate different inner ear structures and compute their morphometric parameters, a process called segmentation was used. Segmentation was performed in 20-mm increments. Using Amira's semi-automated tools, the borders of each structure of interest were outlined in a different color in every section of the stack, with similar structures indicated by the same color. We defined the scala media to include the endolymphatic space within the scala but it did not include the tectorial membrane or the inner sulcus. After segmentation, Amira provided isosurface volume reconstructions of individual inner ear structures as well as an estimate of their volume based on voxel size. The endolymphatic spaces of the scala media, semicircular canals, utricle, saccule, ductus reuniens, and endolymphatic duct were segmented. When we refer to endolymphatic volume, we refer to the combined volume of these structures. The perilymphatic spaces of the scala vestibuli and scala tympani were segmented. The epithelia of the organ of Corti, basilar membrane, Rosenthal's canal, utricular macula, saccular macula, semicircular canal crista were segmented. Structure centroids were determined by the centerline tree module in Amira. To compute the spiral length of each structure, a smooth B-spline curve fit was computed from each structure's centroid. Because segmentation is a time-consuming process (more than 1 week per ear in early postnatal ages, dependent on number of structures segmented), we imaged and segmented two ears at E11.5, E12.5, E13.5, E14.5, E16.5, and P0 and one ear at E15.5, E17.5, P11, and P15. Currently, segmentation is a manual process and the borders of each structure must be outlined by hand in each section. While this process is not difficult, it is labor intensive and prone to human error. Autosegmentation would enable higher throughput and eliminate human error; however, this technology is not currently available.
